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FOREWORD

The sutface pressures of a highly swept delta winged model were

measured at Mach numbers of 2, 3, and 4 in the Naval Surface Weapons

Center Supersonic Tunnel No. 2 (NSWC T-2) using a commercial pressure

measurement system. The tests were performed in May 1985.

Surface pressure measurements are reported for 75 percent of the

body length and the entire span of the wing for 0, 5, 10, and 15

degrees angle of attack and all roll angles from 0 to 360 degrees in

.22.5-degree increments.

This work was sponsored by Mr. D. Hutchins of the Naval Air

Systems Command (NAVAIR, AIR 320K) and Mr. L. Pasiuk of the Naval

Sea Systems Command (NAVSEA R41 62). This document describes in

detail the model design, the test apparatus, and the experimental

techniques used for this test program. The authors wish to

acknowledge Mr. G. D. Prats for suggestions on the use of the PST

system, Mr. D. W. Ausherman for feedback on past test programs, and

Messrs. S. Cothran, Jr., and R. J. Marshall for their assistance in

conducting the tests. For
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INTRODUCTION

In light of new missile system requirements,

numerical methods for predicting aerodynamic performance have

assumed an increased importance. Stringent requirements on

missile radar cross section and range mandate the development

of the capability to accurately predict the aerodynamics of

unconventionally shaped missiles with blended inlets. g

Traditional methods for predicting these aerodynamic

characteristics are semi-empirical in nature and rely on an

extensive data base for similar classes of missile shapes.

Hence these predictive methods are often not applicable to

new geometries of interest. Also, there is likely to be an

increase in the use of ramjet propulsion which requires the

ability to predict the inlet flow field. Such quantities

cannot be determined by simple, semi-empirical prediction

methods.

Numerical methods for calculating the aerodynamics

of missiles are currently being developed. However, such

methods need detailed experimental data for validation.

Existing data generally is restricted to forces and moments

with limited examples of surface pressure measurements'. The

typical missile configurations. The data generated by these

1F. e .W*w .,W 4
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tests will be used to increase the level of understanding of

the aerodynamic behavior of high lift-to-drag (L/D) vehicles

at angles of attack in supersonic flows. In particular, it

will be utilized to validate computational codes which are

being developed to predict the flow field characteristics of

such vehicles.

TEST FACILITY

The NSWC Supersonic Tunnel #2 (T-2) is a 16 x 16

inch cross section horizontal tunnel with an open jet test

section and a model support system that has pitch, yaw and

roll capability. The tunnel working medium is high pressure

air which can be heated, via a steam heater, to temperatures

from 175 to 225 degrees Fahrenheit . The tunnel is equipped

with schlieren quality glass ports that permit a 16 x 24 inch

viewing area. T-2 is capable of operating over a Mach number

range from Mach 0.3 to Mach 5 with a supply pressure ranging

from 0.5 to 15 atmospheres. This Mach range is provided by

interchanging two-dimensional nozzles.

T-2 is capable of either blow-down or recirculating

operation. For this test series, the tunnel was operated in a

recirculating mode at Mach numbers of 2.02, 3.02 and 4.00

with nominal Reynolds numbers of 3.7 x 101/ft, 2.3 x 106 /ft

and 1.5 x 106 /ft, respectively (po=l atm).

2
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MODEL DESCRIPTION

The basic model used for this test program

consisted of a three caliber tangent ogive nose affixed to a

two inch o.d., seven caliber cylindrical afterbody. It was

designed as a split slotted body which could be used with any

one of five wing configurations, shown in Figure 1. Also, a

wing support allows for wing-alone testing.

The specific configuration tested is shown in

Figure 2. The long delta wing is beveled so that a thin wing

can be assumed in future calculations. The wing is positioned

so that the leading edge starts at the aft part of the nose

(six inches from the model-nosetip). The total model wing

span is six inches and the cross sectional thickness is 0.250

inches. The leading edge sweep angle is 77.5 degrees, the

wing bevel angle is 75 degrees (as shown) and the root chord

length is 9.02 inches. This wing contains 60 pressure taps,

58 of which are located on one half of the flat surface (see

Figure 3). The body-contains 91 pressure taps, 89 of which

are clustered into one quarter of the body surface area. The

two remaining taps in both the wing and the body yield flow

symmetry data.

INSTRUMENTATION

Pressure measurements were made using a commercial

system from Pressure Systems Incorporated (PSI). The PSI

system consists of ten modules, each containing 16 pressure

transducers. Each module is scanned electronically to acquire

3



NSWC MP 86-356

its sixteen transducer output signals. The analog output

signals are then transferred to the data acquisition and

control unit (DACU), digitized and the results stored in the

DACU RAM to be dumped to magnetic tape and reduced at a later

time. Each pressure transducer was calibrated using a Stokes

McLeod pressure gauge and a Barocel 1000 mm differential

transducer. The accuracy of each PSI transducer was found to

be within the specified accuracy; 0.25% of its full range

(0.013 psi for 5 psi modules, 0.025 psi for 10 psi modules).

Tunnel conditions and model positions were recorded

with a PSI random access mini millivolt (RAMM) analog-to-

digital (A/D) converter. This A/D converter had an accuracy

of 1.25 millivolts for a full-scale range of 500 millivolts.

TEST PROCEDURES

In preparation for a day of testing, the PSI system

was brought on - line and an automatic pressure calibration

sequence was initiated. The primary purpose of performing

this simple three point calibration was to make available the

ability to monitor the output of any one pressure transducer

without collecting data. The transducers were then put

through an eight point calibration to insure that the low

pressure response characteristics of each transducer were

defined. The calibration pressures ranged from 1 - 80 torr.

4
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The RAMM-30 signals were also calibrated on a daily

basis. A four point angle of attack calibration was made with

alpha varying between 0 and 15 degrees. The roll angle

calibration was made with five points from 0 to 360 degrees.

The supply pressure was calibrated between 0 and 15 psi and

the supply temperature was calibrated between 32 and 200

degrees Fahrenheit.

The model was positioned at 0 degree angle of

attack before the tunnel was started. After the desired

tunnel supply conditions were reached, data acquisition

began. The model was first rolled to a position and then

pitched through its series of angle of attack. A nominal 60

second delay for pressure equilibration was used between

pitching and data acquisition for Mach 2 and 3. A 120 second

delay was used at Mach 4. The model was always returned to 0

degree angle of attack prior to rolling to the next position.

A list of run positions is given in Table 1.

DATA REDUCTION
e

The surface pressure measurements, the angle of

attack, the roll angle, and the supply pressures and

temperatures reported are averaged values of 50 data samples.

0
The data rate at which these samples were collected is about

50 Hz. Each set of data was obtained in raw data counts and

reduced using the calibration coefficients of the day. It was

found that the transducer characteristics were best described

by two straight lines, one for the lower pressures (1.1 - 5.0

torr) and one for the higher pressures (10.0 - 80.0 torr). In
0!
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the reduction of this pressure data, the point at which the

two curves intersect was used as the criteria for determining

which calibration curve would be used. The other data was

reduced using standard reduction schemes.

i

RESULTS

Surface pressure data is presented in the appendix

for each model run position (see Tables 2-9 for sample

output). Each data set has been separated into two parts;

body surface pressures and wing surface pressures. In the

output, the pressure measured by each body pressure tap is

given as p(z/d,e), where z/d is the axial distance from the

nosetip to the pressure tap and eis the angular ray on which

the pressure tap is located (see Figure 2). The pressure

measured by each wing tap is given as p(z/d,r/d) where zid is

the dimensionless axial distance from the nosetip to the

pressure tap and r/d is the dimensionless distance from the

model centerline to the pressure tap.

The model has four sets of symmetric pressure taps,
S

two sets on the body and two on the wing. The values of each

symmetric set are presented as two pressures separated by a

comma (,). One should also note that the first, second and

fourth axial positions of the wing matrix contain r/d

coordinates which are not common to the remaining matrix.

These tap locations are denoted with an asterisk(*), a plus

6
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sign (*) and an exclamation point(!). The actual coordinates

of these points are;

* =) r/d = 0.5465

+ => r/d = 0.5745

'= r/d = 0.6850

In order to qualitatively illustrate the surface

pressure data of the highly swept delta winged model, a

commercial cuprtour plotting routine based on a linear

interpolation scheme was used. Sample results are given in

Figures 4 - 7.

Schlieren photographs of selected runs are

presented in Figures 8 and 9.

7'S
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CONCLUSIONS

The surface pressures of a highly swept delta

winged model were measured at Mach 2, 3 and 4 in the Naval

Surface Weapons Center Supersonic Tunnel No. 2 (NSWC T-2) for

a variety of model positions using a commercial pressure

measurement system. The results of the test are listed in the

appendix of this report.

A
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FIGUE 8 SCLIERN POTORAP; M .0,a 0, 0

FIGURE 9. SCHIIEREN PHOTOGRAPH; M 3.0, a 15~, 4~=00
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TABLE 1. MODEL RUN POSITIONS

MODEL WING ORIENTATION
ROLL ANGLE. (LOOKING DOWNSTREAM)

0

22.5

45.0

67.5

90.0

112.5

135.0

157.5

180.04

202.5

225.0

247.5

270.0

292.5

315.0.
SDENOTES THE QUADRANT
IN WHICH THE PRESSURE TAPS

337.5 ARE LOCATED

360.0 ,

,17

17 17
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NOMENCLATURE

d body diameter, inches

M Mach number

p surface pressure, psia

Pa supply pressure, psia .3

r radial distance from the model centerline, inches

T, supply temperature, degrees F

z axial distance from the nosetip, inches

CL alpha, model angle of attack, degrees

e theta, angular position of pressure tap, degrees

$phi, model roll angle, degrees

4
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APPENDIX "

TEST RESULTS
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TEST MATRIX

RUN# MACH 4 DATE

046 2.02 0 0.0 4/30/85
047 2.02 5 0.0 4'30/85
048 2.02 10 0.0 4/30/85
049 2.02 15 0.0 4/30/85
050 2.02 0 22.5 4/30/85
051 2.02 5 22.5 4/30/85
052 2.02 10 22.5 4/30/85
053 2.02 15 22.5 4/30/85
054 2.02 0 45.0 4/30/85
055 2.02 5 45.0 4:30/85
056 2.02 10 45.0 4/30/85
057 2.02 15 45.0 4/30/85
058 2.02 0 67.5 4/30/85
059 2.02 5 67.5 4/30/85
060 2.02 10 67.5 4/30/85
061 2.02 15 67.5 4/30/85
062 2.02 0 90.0 4/30/85
063 2.02 5 90.0 4/30/85
064 2.02 10 90.0 4/30/85
065 2.02 15 90.0 4/30/85
066 2.02 0 112.5 4/30/85
067 2.02 0 112.5 4/30/85
068 2.02 10 112.5 4/30/85
069 2.02 15 112.5 4'30/85
070 2.02 0 135.0 4/30/85
071 2.02 5 135.0 4/30/85 -.
072 2.02 10 135.0 4/30/85
073 2.02 15 135.0 4/30/85
074 2.02 0 157.5 4,30/85
075 2.02 5 157.5 4/30/85
076 2.02 10 157.5 4/30/85
077 2.02 15 157.5 4 30/85
078 2.02 0 180.0 4/30/85
079 2.02 5 180.0 4,30/85
080 2.02 10 180.0 4,30/85
081 2.02 15 180.0 4,,30/85
082 2.02 0 202.5 4/30/85
083 2.02 5 202.5 4/30/85
084 2.02 10 202.5 4/30/85
085 2.02 15 202.5 4 30/85
086 2.02 0 225.0 4/30/85
087 2.02 5 225.0 4/30' 85 :),3
088 2.02 10 225.0 4/30/85
089 2.02 15 225.0 4 30/85
090 2.02 0 247.5 4/30/85
091 2.02 5 247.5 4/30 85

A-2
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TEST MATRIX (CONTINUED)
RUN* MACH # ( f DATE

092 2.02 10 247.5 4/30/85
093 2.02 15 247.5 4/30/85
094 2.02 0 270.0 4/30/85
095 2.02 5 270.0 4/30/85
096 2.02 10 270.0 4/30/85
097 2.02 15 270.0 4/30/85
098 2.02 0 292.5 4/30/85
099 2.02 5 292.5 4/30/85
001 2.02 10 292.5 4/30/85
002 2.02 15 292.5 4/30/85
003 2.02 0 315.0 4/30,85
004 2.02 5 315.0 4/30/85
005 2.02 10 315.0 4/30/85
006 2.02 15 315.0 4/30/85
008 2.02 0 337.5 4/30/85 4
009 2.02 5 337.5 4/30/85
010 2.02 10 337.5 4/30/85 S
011 2.02 15 337.5 4/30/85
012 2.02 0 360.0 4/30/85
013 2. 02 5 360.0 4/30/85
014 2.02 10 360.0 4/30/85
015 2.02 15 360.0 4/30/85
024 3.02 0 0.0 4/30/85
025 3.02 5 0.0 4/30/85
026 3.02 10 0.0 4/30/85 Z
027 3.02 15 0.0 4/30/85
028 3.02 0 22.5 4/30/85
029 3.02 5 22.5 4/30/85
030 3.02 10 22.5 4/30/85
031 3.02 15 22.5 4/30/85
032 3.02 0 45.0 4/30/85
033 3.02 5 45.0 4/30/85
034 3.02 10 45.0 4/30/85
035 3.02 15 45.0 4/30'85 0
036 3.02 0 67.5 4'30'85 P
037 3.02 5 67.5 4/ 30/85
038 3.02 10 67.5 4 30/85 .-.'
039 3.02 15 67.5 4/30/85
040 3.02 0 90.0 4,30/85
041 3.02 5 90.0 4/30/85
042 3.02 10 90.0 4,30/85

A-3
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TEST MATRIX (CONTINUED)
RUN# MACH #$ DATE

043 3.02 15 90.0 4/30/85 ,
044 3.02 0 112.5 4/30/85
045 3.02 5 112.5 4'30/85
046 3.02 10 112.5 4/30/85
047 3.02 15 112.5 4/30/85
048 3.02 0 135.0 4/30/85
049 3.02 5 135.0 4/30/85
050 3.02 10 135.0 4/30/85
051 3.02 15 135.0 4/30/85
052 3.02 0 157.5 4/30/85
053 3.02 5 157.5 4/30/85
054 3.02 10 157.5 4/30/85
055 3.02 15 157.5 4/30/85
056 3.02 0 180.0 4/30/85
057 3.02 5 180.0 4/30/85
058 3.02 10 180.0 4/30/85
059 3.02 15 180.0 4/30/85
060 3.02 0 202.5 4/30/85
061 3.02 5 202.5 4/30/85
062 3.02 10 202.5 4/30/85
063 3.02 15 202.5 4/30/83
064 3.02 0 225.0 4/30/85 S
065 3.02 5 225.0 4/30!85
066 3.02 10 225.0 4/30/85
067 3.02 15 225.0 4/30/85
068 3.02 0 247.5 4/30/85
069 3.02 5 247.5 4/30/85
070 3.02 10 247.5 4'30/85
071 3.02 15 247.5 4/30/85
072 3.02 0 270.0 430/85
073 3.02 5 270.0 4/30/85
074 3.02 10 270.0 4/30/85
075 3.02 15 270.0 4/30'85
076 3.02 0 292.5 4/30,85
077 3.02 5 292.5 4,'30/85
078 3.02 10 292.5 4/30/85
079 3.02 15 292.5 4/30/85
080 3.02 0 315.0 4/,30/85 ","
081 3.02 5 315.0 4/30"85
082 3.02 10 315.0 4/30/83
083 3.02 15 315.0 4/30/85
084 3.02 0 337.5 4.'30,85
085 3.02 5 337.5 4'30 i'85
086 3.02 10 337.5 4!30/85 -

A-4
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TEST MATRIX (CONTINUED)
RUN # MACH Q f DATE -i

087 3.02 15 337.5 4/30/85
088 3.02 0 360.0 4/30/85
089 3.02 5 360.0 4/30/85
090 3.02 10 360.0 4/30/85
091 3.02 15 360.0 4/30/85
009 4.00 0 0.0 5/06/85
010 4.00 5 0.0 5/06/85
011 4.00 10 0.0 5/06/85
012 4.00 15 0.0 5/06/85
013 4.00 0 22.5 5/06/85
014 4.00 5 22.5 5/06/85
015 4.00 10 22.5 5/06/85
016 4.00 15 22.5 5/06/85
017 4.00 0 45.0 5/06/85
018 4.00 5 45.0 5/06/85
019 4.00 10 45.0 5/06/85
020 4.00 15 45.0 5/06/85
021 4.00 0 67.5 5/06/85
022 4.00 5 67.5 5/06/85
023 4.00 10 67.5 5/06/85
024 4.00 15 67.5 5/06/85
025 4.00 0 90.0 5/06/85 ,0
026 4.00 5 90.0 5/06/85
027 4.00 10 90.0 5/06/85
028 4.00 15 90.0 5/06/85
029 4.00 0 112.5 5/06/85
030 4.00 5 112.5 5/06/85
031 4.00 10 112.5 5/06/85
032 4.00 15 112.5 5,'06,85 S
033 4.00 0 135.0 5/06/85
034 4.00 5 135.0 5,06/85 % %
035 4.00 10 135.0 5/06/85
036 4.00 15 135.0 5/06/85
037 4.00 0 137.5 5/06/85 •
038 4.00 5 157.5 5/06/85
039 4.00 10 157.5 5/06/85
040 4.00 15 157.5 5/06/85
041 4.00 0 180.0 5/06/85
042 4.00 5 180.0 5/06/85
043 4.00 10 180.0 5/06/85
044 4.00 15 180.0 5/06/85
046 4.00 0 202.5 5/06/85
047 4.00 5 202.5 5,06,85
048 4.00 10 202.5 5/06/85

A-5
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TEST MATRIX (CONTINUED)
RUN# MACH # 4 DATE

049 4.00 15 202.5 5/'06/83
050 4.00 0 225.0 5/06/85
051 4.00 5 225.0 5/06/85
052 4.00 10 225.0 5/06/85
053 4.00 15 225.0 5/06/85
054 4.00 0 247.5 5/06/85
055 4.00 5 247.5 5/06/85
056 4.00 10 247.5 5/06/85
057 4.00 15 247.5 5/06/85
058 4.00 0 270.0 5/06/85 -
059 4.00 5 270.0 5/06/85
060 4.00 10 270.0 5/06/85
061 4.00 15 270.0 5/06/85
062 4.00 0 292.5 5/06/85
063 4.00 5 292.5 5/06/85
064 4.00 10 292.5 5/06/85
065 4.00 15 292.5 5/06/85
066 4.00 0 315.0 5/06/85
067 4.00 5 315.0 5/06/85
068 4.00 10 315.0 5/06/85
069 4.00 15 315.0 5/06/85
070 4.00 0 337.5 5 /06/85
071 4.00 5 337.5 5/06/85
072 4.00 10 337.5 5/06/85
073 4.00 15 337.5 5/06/85074 4.00 0 360.0 5/06/85
075 4.00 5 360.0 5/06'85
076 4.00 10 360.0 5/06'85

.
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